Abstract
Tuberculosis in cattle caused by Mycobacterium bovis has a worldwide distribution.
Eradication has been largely successful in developed countries, particularly those with no significant wildlife reservoirs (Abernethy et al., 2006 ). An eradication scheme was introduced in Northern Ireland in 1959 but bovine tuberculosis remains endemic. Peak incidence occurred during the spring of 2003 with a herd incidence of 10.2% and animal incidence of 0.99%. From 2003 to 2007 Northern Ireland bTB levels dropped yearly to reach a consistent level of herd and animal incidence below 6% and 0.6% respectively. This steady state situation remained until autumn 2011 when an increase in both herd and animal incidence reached levels of 7.32% (herd incidence) and 0.663% (animal incidence) in 2012. Post the peak levels which occurred in 2012 a consistent reduction in bTB levels have been documented during 2013 (www.dardni.gov.uk; accessed 16/12/2013) . These figures are placed in context in Abernethy et al. (2012) frequency increasing when bTB is suspected or proven, or where contiguous herds suffer a breakdown. Upon confirmation of bTB, a herd must enter a cycle of shortinterval ("restricted") tests at sixty day intervals and movement restrictions are only lifted after the herd achieves two consecutive clear SICTT tests. When this herd restriction is removed, freedom to trade is restored but a post-outbreak test after six Introduction months is required. The aim of this study was to investigate selected factors associated with time from the post-outbreak test to subsequent herd breakdown.
Risk factors associated with bTB herd breakdowns have been extensively researched.
These factors include presence of a wildlife source (Griffin et al., 1996; Ó Máirtin et al., 1998; Eves, 1999; Griffin et al., 2005; Reilly and Courtenay, 2007) , presence of bTB in contiguous herds (Griffin et al., 1996; Denny and Wilesmith., 1999; White et al., 2013 ) , environmental survival of M. bovis (Scanlon and Quinn., 2000; Ramírez-Villaescusa et al., 2010) , previous bTB history (Olea-Popelka et al., 2004; Carrique-Mas et al., 2008; White et al., 2013) , movement of animals (Carrique-Mas et al., 2008; Johnston et al., 2005; Ramírez-Villaescusa et al., 2010) , severity of bTB breakdown (Olea-Popelka et al., 2004; Wolfe et al., 2010; Karolemeas et al., 2011 Gallagher et al., 2013 , herd type (Griffin et al. 1993; Ramírez-Villaescusa et al., 2010; Alvarez et al., 2012) , herd size (Griffin et al., 1996; Green and Cornell, 2005; Brooks-Pollock et al., 2009 , Mill et al., 2011 Gallagher et al., 2013) and bTB confirmation ((Olea-Popelka et al., 2004; Abernethy et al., 2010; Wolfe et al., 2010; Karolemeas et al., 2011; Abernethy et al., unpublished) . Confirmation plays an important role in the Northern Ireland bTB testing programme. If bTB is confirmed in a herd the shortest possible restricted period is 120 days while with non-confirmation the shortest possible restricted period is 60 days. Chronic breakdown herds (i.e. herds where disclosure preceded the post-outbreak test by two years or more) or those located contiguous to another bTB infected herd were excluded from the study. Also excluded from the study were those herds with tests initially set as post-outbreak tests and later re-categorised to a higher risk status.
Data collection and variable definitions
The identification, movement and test history of all individual bovine animals was extracted from the Animal and Public Health Information System (APHIS) run by the . Univariable and multivariable Cox proportional hazards regression models were used to identify factors significantly associated with time to subsequent herd breakdown. Univariable Cox proportional hazard models were created for each variable and the validity of the proportional hazard assumption assessed in two ways. The first was to visually determine whether the plots of -log(-log) survival lines were parallel . The second was to incorporate each variable into the model as a time-varying covariate (Dohoo et al., 2003) . Following univariable analysis all variables were included in a multivariable Cox regression model using a forward stepwise method. All combinations of two-way interactions were assessed between the significant variables in the final model by forcing these terms into the model. The likelihood ratio test was used to assess whether or not their inclusion improved the overall fit of the model. For all analyses a p-value cut off point of 0.05 was considered significant.
The power (and indeed in some cases validity) of survival analysis is related to the number of events rather than the number of participants .
Simulation work has suggested that at least ten events need to be observed for each covariate considered, with anything less leading to problems ). In the current study the maximum number of covariates included in the model at any point was 19, so that 190 events (bTB breakdowns) would be required for the study to have sufficient power. As 1402 events were included in the study it is assumed that the study had sufficient power.
Of the 3377 herds included in the study, 1402 (42 %) experienced a breakdown before the end of the follow-up period. Median length time to breakdown (582 days (IQR 336 -1002)) for herds disclosing a bTB event was significantly less than the median length of time in the study for those herds with no bTB event (1679 days (IQR 1506 -1884)) (Kruskal-Wallis equality-of-populations rank test 2 = 2103; p < 0.001).
Kaplan-Meier curves for all variables are presented in Figures one to seven. Median time to subsequent herd breakdown decreased significantly with increasing breakdown severity (logrank p < 0.05; Figure 1 ), local bTB prevalence (logrank p < 0.05; Figure 2 ), purchase intensity (logrank p = < 0.05; Figure 3 ) and herd size (logrank p < 0.05; Figure   4 ). Median time to subsequent herd breakdown was significantly less for dairy than non-dairy herds (logrank p < 0.05; Figure 5 ) and for herds in which bTB was confirmed as opposed to those in which it was not confirmed (logrank p < 0.05; Figure 6 ). There was no significant difference in median time to subsequent breakdown of herds with or without a history of bTB (logrank p = 0.06; Figure 7 ).
An assessment of the variables in which basic correlations were examined without taking any account of survival data was carried out. Correlations shown to be significant were herd size and herd type (p<0.001); bTB confirmation and breakdown severity (p<0.001) along with herd size and bTB history (p<0.001).
Time from post-outbreak test to subsequent herd breakdown Results
All variables except for bTB history were significant in the univariable Cox regression models (Table 1 ). The final model ( 
Discussion
This study and that of Olea-Popelka et al. 2004 are the only studies of which the authors are aware that look at time to herd breakdown, rather than simply determining factors associated with presence of a breakdown following a post-breakdown herd test. While
Factors associated with time from post-outbreak test to subsequent herd breakdown many studies have investigated factors associated with herd breakdowns only a few have looked at the impact of particular test types (Green and Cornell, 2005; CarriqueMas et al., 2008) . Determination of the risk factors associated with time from postoutbreak test to subsequent herd breakdown has potential to assist in formulation of bTB control policies. We found herd size, breakdown severity, herd type, local prevalence and purchase intensity to be significantly associated with time to subsequent herd breakdown, with hazard of breakdown increasing with increasing herd size, breakdown severity, local bTB prevalence and purchase intensity. In addition, dairy herds experienced a subsequent outbreak significantly sooner than non-dairy herds.
Increasing herd size has consistently been shown to be associated with increased risk of herd breakdown (Griffin et al., 1996; Green and Cornell, 2005; Brooks-Pollock et al., 2009 , Mill et al., 2011 Gallagher et al., 2013) . In this study increasing herd size has been shown to reduce the time to a subsequent breakdown. This may reflect imperfect specificity of the SICTT (96 -99 %; Monaghan et al., 1994) or could, as described in Denny and Wilesmith, (1999) Dairy herds were found to be at higher risk of breakdown than non-dairy herds. Dairy herds have been shown to be an additional risk factor in other work (Griffin et al. 1993; Ramírez-Villaescusa et al., 2010; Alvarez et al., 2012) . In the initial analysis it was shown that the type of herd was associated with herd size, with dairy herds being larger.
This variable however remained significant in the final multivariable model, which included herd size, suggesting that other factors, intrinsic to dairy herds, are associated with the shorter time to breakdown. A possible explanation for this is described in Griffin et al. (1993) where more intensively managed dairy herds were determined to be at a greater risk from tuberculosis than were other herds. Another explanation for increased risk in dairy herds is that dairy cattle reach an older age than cattle intended for meat and so have a longer time to be exposed and infected with bTB One way in which risk of disease could persist is where high bTB prevalence in a locality at the disclosing test is still present when the herd enters the study at its postoutbreak herd test. This possibility was investigated using the variable local prevalence.
The results show a threshold level at 12 % prevalence above which the hazard of a future herd breakdown increases as bTB prevalence increases. This may indicate that a certain pivotal concentration of local infection leads to acceleration in number of herd breakdowns. Denny and Wilesmith (1999) argue that the local factors which influence herd breakdown involve a complex interplay of farm boundaries, neighbours and wildlife. The risk presented within a locality by contiguous herds has been identified in previous work (Griffin et al., 1996; Denny and Wilesmith, 1999; Johnston et al., 2011) .
Associations between infected wildlife and future herd bTB risk have been demonstrated previously (Griffin et al., 1996; Reilly and Courtenay, 2007) In White et al. (2013) the topic of locality is teased apart to determine the relative importance of bTB farm to farm spread and spread from wildlife. It shows that there is a risk from herds directly contiguous and herds >25m from the farm boundary, which is best explained by an infected wildlife source. The variable used in our study (local prevalence) does not attempt to break the locality effect into its components, however Murphy et al. (2011) point to the fact that cattle act as sentinels for TB in badgers. This means cattle prevalence probably acts as a good proxy for local bTB infection pressure, though how it reflects the components of contiguous or wildlife spread is unknown.
Another risk area for bTB is movement of cattle into a herd. This study design meant that herds were present within the study for variable amounts of time and would thus have purchased varying numbers of cattle. To adjust for this, a variable "purchase intensity" was used, which is an integration of these two variables into one measurement -number of animals purchased per unit time. In herds with > 27 animals purchased per year there is an increased hazard of bTB breakdown relative to the baseline level of < 0.73 animals purchased per year. The type of herd from which purchases occurred was not taken into account as it could not be accurately ascertained from the original dataset.
Increased risk has been shown to be associated with purchasing cattle from herds with a greater than biennial frequency of testing for bTB in the previous eight years (CarriqueMas et al., 2008) and purchasing from markets (Johnston et al., 2005; Ramírez-Villaescusa et al., 2010) although some authors have produced work which questions risk associated with cattle movement (Griffin et al., 1996; Abernethy et al., 2000) . In Green et al. (2008) Great Britain bTB outbreak data for 2004 was used to estimate that 16% of herd infections were directly related to cattle movements. The idea of herd infection initiated by purchase of infected animals is supported by Berrian et al. (2012) .
In this work the risk of bTB was determined among animals sold out of herds in the The bTB history of a herd has been shown in many studies to be a significant risk factor, where a historical bTB episode makes a future one more probable. (Wilesmith and Williams, 1987; Olea-Popelka et al., 2004; Green and Cornell, 2005; Carrique-Mas et al., 2008 , Wolfe et al., 2010 , Karolemeas et al., 2011 . In this study bTB history was not found to be significantly associated with time to subsequent breakdown and given the chronic nature of bTB this is surprising. Dawson et al. (2012) define the causes of recurrent TB episodes as repeated exposure to infected wildlife vectors, repeated purchase of infected stock and recrudescence of within-herd infection. In Good et al.
(2013) full depopulation of high risk bTB herds was compared to depopulation of low risk herds. The risk status given to a herd was based on its bTB history in the previous five years. In the case of the high risk herds a local badger removal policy was implemented. The study determined that there was no substantial difference in future bTB risk between the two groups. Good et al. (2013) Confirmation of bTB post disclosure was shown not to be significant in the final multivariable model. This is a surprising result given that confirmation has an important status in the Northern Ireland eradication and control programme (Abernethy et al., 2006) . Also it could be thought that presence of lesions would indicate a longer standing infection and thus increased risk for a herd. However Abernethy et al. (2010) found that neither confirmation of infection at the disclosure test nor subsequently in the breakdown was a statistically significant risk factor. This same result has been reported in other studies (Olea-Popelka et al., 2004; Wolfe et al., 2010; Karolemeas et al., 2011; Abernethy et al., unpublished) .
Conclusion
The original objective of this work was to investigate risk factors affecting the time period from post-outbreak test to a further herd breakdown for Northern Ireland cattle herds. The key conclusions reached from this study are that increasing herd size, breakdown severity, local bTB prevalence and purchase level above 27 animals per year are all associated with a decreased time to subsequent outbreak. The study also concludes that dairy herds are associated with a decreased time to subsequent outbreak.
Consistent with other studies this work shows bTB confirmation to be not predicative of a future herd breakdown. However, probably due to the selection processes applied to herds for entry to the study bTB history was found not to be a risk factor for a future herd breakdown.
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